Abstract. Inflammatory bowel diseases (IBDs) are chronic inflammatory gastrointestinal disorders caused by a dysregulated mucosal immune response and epithelial barrier disruption. Conventional treatment of IBD is currently limited to overcoming patient symptoms and is often associated with severe adverse effects from the drugs used. Modified Pulsatilla decoction has been used previously to treat ulcerative colitis (UC) in clinical practice in China, however, the underlying mechanism in the treatment of UC remains to be elucidated. In the present study, the efficiency and mechanisms of modified Pulsatilla decoction in the treatment of oxazolone-induced colitis were investigated. Assessment of clinical colitis and histological examination found that the administration of modified Pulsatilla decoction attenuated the severity of oxazolone-induced colitis in mice. Measurement of cytokine concentration, western blotting and reverse transcription-quantitative polymerase chain reaction demonstrated modified Pulsatilla decoction treatment significantly reduced the secretion of pro-inflammatory cytokines and restored alterations in tight junction proteins in the colon tissues. In addition, modified Pulsatilla decoction suppressed the activation of the nuclear factor-κB signaling pathway. Thus, the findings of the present study demonstrated that modified Pulsatilla decoction offers an effective therapeutic approach for the treatment of IBD and revealed the underlying mechanisms of action offered by modified Pulsatilla decoction.
Introduction
Inflammatory bowel diseases (IBDs) are idiopathic inflammatory gastrointestinal (GI) disorders, which consist of Crohn's disease (CD) and ulcerative colitis (UC). It is currently accepted that alterations in the gut microbiota, genetic susceptibility, dysfunction of immunological regulation and defects in the intestinal barrier are involved in the etiopathogenesis of IBD (1, 2) . In general, UC is solely restricted to the colon, whereas CD may affect the entire GI tract. Abdominal pain, weight loss and bloody diarrhea are the most common symptoms of IBD (3) . IBDs are lifelong diseases, for which patients often require lifelong pharmacological treatment and may require surgical interventions.
The conventional medications used for the treatment of IBD include corticosteroids, immunosuppressive drugs, antibiotics and biological agents, including anti-tumor necrosis factor-α. However, the use of these drugs is only effective for temporary symptomatic relief, and is associated with serious complications and toxic side effects (3) (4) (5) . Thus, the use of complementary and alternative medicine (CAM), including acupuncture, homeopathy and herbal medicines, for the treatment of patients with IBD is increasing worldwide, and the percentage of patients with IBD using CAM in North America and Europe has been estimated at up to 70% (6) (7) (8) (9) . Traditional Chinese medicine (TCM) is one of the most developed branches of CAM in the world (10) . Several scientific reports and clinical studies have characterized the effectiveness of herbal preparations in IBD, showing promising results and providing an insight into the mechanisms, which are beyond their therapeutic activity (11) (12) (13) (14) .
Modified Pulsatilla decoction, containing seven commonly used plants (Radix Pulsatillae, Cortex Phellodendri, Rhizoma Coptidis, Cortex Fraxini, Sanchi, Radix Paeoniae Rubra and Radix Glycyrrhizae), is formulated using the TCM formulation of Pulsatilla decoction, and adding another three herbal plants (Sanchi, Radix Paeoniae Rubra and Radix Glycyrrhizae). Pulsatilla decoction possesses a variety of pharmacological effects, and the active ingredients from these herbal plants have shown hepatic protective, anti-inflammatory, antibacterial, antitumor and anti-oxidant effects (15) (16) (17) (18) (19) . Modified Pulsatilla decoction has been used previously to treat UC in Modified Pulsatilla decoction attenuates oxazolone-induced colitis in mice through suppression of inflammation and epithelial barrier disruption clinical practice in China, showing promising effects against inflammation and diarrhea (20) . Although modified Pulsatilla decoction is an effective TCM formula for the pharmacological effects indicated above, the possible mechanism in the treatment of UC remains to be elucidated. Thus, the present study aimed to investigate the therapeutic efficacy of modified Pulsatilla decoction against IBD and to elucidate the underlying molecular mechanisms.
Materials and methods

Induction of colitis.
A total of 40 male BALB/c mice (age, 6 weeks; weight, 21-24 g) were obtained from Shanghai Laboratory Animal Center (Shanghai, China) and housed in a specific-pathogen-free environment under normal conditions of humidity (50±5%) and temperature (25±2˚C), with a 12-h light/dark cycle and access to food and water ad libitum. The mice were randomly divided into 4 groups of 10, the control, PBS, modified Pulsatilla and sulfasalazine (SASP; Pfizer, Inc., New York, NY, USA). Colitis was induced, as previously described, with modifications (21). Briefly, a 2x2 cm field of the abdominal skin was shaved, and 200 µl 3% oxazolone (Sigma-Aldrich, St. Louis, MO, USA) in 100% ethanol was applied to pre-sensitize the BALB/c mice, and this was repeated the following day. Subsequently, a solution of oxazolone (150 µl; 1% oxazolone dissolved in 50% ethanol) was administered into the colon via the anus using a 3.5-F polyurethane catheter. Following injection of the oxazolone solution, the catheter was removed and the mouse was held vertically for 60 sec. In the control group, the same volume of ethanol was injected, instead of the oxazolone solution. Following treatment, all mice were fed a standard chow diet and tap water ad libitum. The present study was approved by the ethics committee of Shanghai University of Traditional Chinese Medicine (Shanghai, China) and performed in accordance with the Guide for the Care and Use of Laboratory Animals (22) .
Preparation and intragastric administration of water-soluble extracts of modified Pulsatilla decoction. The modified Pulsatilla decoction consisted of Radix Pulsatillae (30 g), Cortex Phellodendri (12 g), Rhizoma Coptidis (5 g), Cortex Fraxini (9 g), Sanchi (3 g), Radix Paeoniae Rubra (12 g) and Radix Glycyrrhizae (6 g). To obtain the water-soluble extracts, 10-fold higher volumes of water was added to these herbal plants, and the resulting mixtures were then heated at 90˚C for 1 h. This procedure was repeated three times, following which all the extraction liquids were collected, dried and stored at 4˚C. The extracts of the decoction (10 mg/g body weight) or SASP (20 mg/g body weight) were administered intragastrically to the oxazolone-induced colitis mice once a day for 7 days. SASP acted as a positive control. As a negative control, an equal volume of water was administered to the oxazolone-induced colitis mice. The PBS group were oxazolone-induced colitis mice administered ~1 ml PBS.
Assessment of clinical colitis in mice.
The seventy of colitis was assessed using a disease activity index (DAI) scoring system and loss in body weight. The DAI score was calculated as the sum of the bloody stool score (0, normal colored stool; 1, brown stool; 2. reddish stool; 3, bloody stool) and diarrheal stool score (0, normal stool; 1, mildly soft stool; 2, very soft stool; 3, watery stool). The body weight change in each mouse was calculated using the following formula: Weight loss (%) = [(weight on day 1) -(weight each day)] / weight on day 1.
Histological examination of colon. After 7 days, the mice were sacrificed using 0.1 ml 2% sodium pentobarbital and a 10 cm portion of the distal colon was removed from 4 mice in each group, washed with saline and fixed in 10% natural buffered formalin. The fixed tissues were then embedded in paraffin (Sigma-Aldrich), cut into tissue sections (5 µm thick) and stained with hematoxylin and eosin (Leica Microsystems, Ltd., Milton Keynes, UK) and examined with a microscope (Leica Microsystems, Ltd.) and qualitatively evaluated with Leica QWin software 3.1 using the following parameters: Transmural infiltrating of mononuclear cells, thickening of the colon wall, mucosal hyperplasia, erosions, depletion of goblet cells and crypt architectural distortion.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis.
Frozen colon samples were homogenized in 1 ml cold buffer containing 0.1 M phosphate buffer (pH 7.4) and 1% protease inhibitor cocktail (Sigma-Aldrich). The homogenized samples were centrifuged at 12,000 x g for 15 min at 4˚C and the supernatants were collected and stored at -80˚C. Total RNA was isolated from the colon tissues using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and 1.5 µg RNA was reverse transcribed into cDNA using a GoScript™ Reverse Transcription system (Promega Corporation, Madison, WI, USA), according to the manufacturer's protocol. The RT-qPCR analysis was performed to determine the expression levels of interleukin (IL)-5 and IL-13 by using SYBR green PCR master mix (Applied Biosystems; Thermo Fisher Scientific, Inc.). The primers for IL-5 were: Sense 5'-AAG GAT GCT TCT GCA CTTGA-3' and antisense 5'-GGA AGC CTC ATC GTC TCATT-3'; the primers for IL-13 were: Sense 5'-AGC ATG GTA TGG AGT GTGGA-3' and antisense 5'-TTG CAA TTG GAG ATG TTGGT-3'; and the primers for GAPDH were: Sense 5'-AGG TCG GTG TGA ACG GAT TTG-3' and antisense 5'-TGT AGA CCA TGT AGT TGA GGTCA-3'. The PCR reaction was performed on an iCycler Real-Time PCR Detection system (Bio-Rad Laboratories, Inc., Hercules, CA, USA) with thermocycling conditions as follows: 95˚C for 5 min; 40 cycles of 95˚C for 15 sec, 60˚C for 15 sec and 72˚C for 20 sec. The fluorescence intensity was determined by the CFX96 Real-Time PCR Detection system (Bio-Rad Laboratories, Inc.) The relative expression ratio of cytokines was calculated using the 2 -∆∆Cq method (23) .
ELISA. 
Results
Modified Pulsatilla decoction treatment attenuates the severity of oxazolone-induced colitis in mice.
To investigate the therapeutic effect of modified Pulsatilla decoction on IBD, the present study induced experimental colitis in mice via skin pre-sensitization and colonic administration of oxazolone. The results demonstrated that the mice injected with oxazolone developed experimental colitis with severe weight loss (Fig. 1A) , severe hunching, lethargy, piloerection and diarrhea, and showed a significantly increased DAI score, compared with the normal group (P<0.01). Although there were no differences between the Pulsatilla decoction-treated mice and the SASP-treated mice, oral administration of modified Pulsatilla decoction and SASP significantly attenuated the severity of oxazolone-induced colitis, which showed decreased DAI scores, compared with the untreated group (P<0.01; Fig. 1B ).
The severity of the histological changes in the colon were then qualitatively evaluated in the mice treated with or without modified Pulsatilla decoction or SASP. As shown in Fig. 1C , the colonic histological changes were characterized by transmural infiltrating of mononuclear cells, thickening of the colon wall, mucosal hyperplasia, erosions, depletion of goblet cells and crypt architectural distortion. Compared with the modified Pulsatilla decoction-treated mice and SASP-treated mice, the severity of damage was more marked in the untreated mice. However, the colonic tissues in the Pulsatilla decoction-treated and SASP-treated mice showed marked improvements in inflammation. Together, these findings indicated that the modified Pulsatilla decoction treatment attenuated the severity of oxazolone-induced colitis in the mice.
Modified Pulsatilla decoction treatment significantly reduces the secretion of pro-inflammatory cytokines. As the excessive production of pro-inflammatory cytokines is closely correlated with tissue damage and is critical in the pathogenesis of IBD (24) , the present study characterized the expression levels of inflammatory cytokines in the colonic mucosal tissues. As shown in Fig. 2A and B, the expression levels of IL-5 and IL-13 were low in the colon tissues of the normal mice, and markedly upregulated in the colon tissues of the oxazolone-induced colitis mice. Following the administration of modified Pulsatilla decoction or SASP, the elevated expression levels of colonic IL-5 and IL-13 were significantly attenuated. However, no significant differences were detected in the expression levels of colonic IL-5 and IL-13 between the modified Pulsatilla decoction and SASP-treated mice. Therefore, these results suggested that Pulsatilla decoction exerted anti-inflammatory effects in oxazolone-induced colitis.
Modified Pulsatilla decoction treatment restores the alteration of tight junction proteins in colon epithelial cells.
Dysregulated gut epithelial permeability, which is determined by the intercellular tight junctions in chronic intestinal inflammation, has been suggested as a primary defect in IBD. To determine whether modified Pulsatilla decoction treatment can protect the integrity of the intestinal barrier, the present study examined the expression levels of the tight junction proteins, occludin, ZO-1 and claudin-2 in the colonic epithelial cells of mice treated with or without modified Pulsatilla decoction or SASP. As expected, the intercellular tight junctions were disrupted in the colon epithelium of the oxazolone-induced colitis mice, which was demonstrated by decreased expression levels of the tight junction proteins, occludin and ZO-1, and increased expression of claudin-2. However, treatment with modified Pulsatilla decoction or SASP restored the altered expression levels of occludin, ZO-1 and claudin-2 in the colon epithelial cells of the oxazolone-induced colitis mice, almost to normal levels (Fig. 3) . These results indicated that modified Pulsatilla decoction prevented the alteration of tight junction proteins caused by the inflammatory stimuli in colon epithelial cells.
Modified Pulsatilla decoction treatment inhibits the activation of the NF-κB signaling pathway. The nuclear transcription factor, NF-κB, is core in monitoring the development and progression of IBD by regulating the expression levels of a wide range of pro-inflammatory cytokines. IκBα is one member of a family of cellular proteins, which function to inhibit the NF-κB transcription factor. The stabilization of the IκB-α subunit in the cytoplasm indicates the NF-κB signaling has been inhibited (25) . For further insight into the molecular mechanism underlying the therapeutic effects of modified Pulsatilla decoction in IBD, the present study detected the expression of IκBα in the colon tissues of mice treated with or without modified Pulsatilla decoction. As shown in Fig. 4 , the expression of IκB-α was decreased in the colonic tissues of the oxazolone-induced colitis mice. However, stabilization of the IκB-α subunit in the colonic tissues of the modified Pulsatilla decoction-and SASP-treated mice was comparable to that of the normal mice. Therefore, modified Pulsatilla decoction inhibited the activation of the NF-κB signaling pathway, which contributed to its therapeutic effects on IBD.
Discussion
TCM is one of the most developed branches of CAM in managing various gastrointestinal disorders, and a wide range of natural products have shown effectiveness for the treatment of IBD (6) (7) (8) (9) (10) . Modified Pulsatilla decoction is a TCM formulation based on the Pulsatilla decoction, with the addition of another three herbal plants (Sanchi, Radix Paeoniae Rubra and Radix Glycyrrhizae). It has been shown that the active ingredient from the herbal plants in the formulation of Pulsatilla decoction possesses a variety of pharmacological effects, including hepatic protective, anti-inflammatory, antibacterial, antitumor and anti-oxidant effects (15) (16) (17) (18) (19) . Modified Pulsatilla decoction been used previously to treat UC in clinical practice in China, however, the possible underlying mechanism in the treatment of UC remains to be elucidated. The present study aimed to determine the efficiency and the underlying mechanisms of modified Pulsatilla decoction in experimental colitis.
Oxazolone-induced colitis is a hapten-induced murine model of colitis, with pathologic and immunologic features similar to UC (21) . In the present study, colitis was induced in the mice by the intrarectal administration of a low dose of As expected, the colitis induced by oxazolone in the mice produced a significant loss in body weight, and the DAI score of the oxazolone-induced colitis mice was significantly higher, compared with that of the normal mice. Oxazolone-induced colitis has several similarities with human UC in terms of the morphological changes, which were characterized by transmural infiltrating of mononuclear cells, thickening of the colon wall, mucosal hyperplasia, erosions, depletion of goblet cells and crypt architectural distortion (21, 26) . SASP is the first-line therapy for the induction and maintenance of remission in patients with UC (27, 28) , however, conventional treatment of UC is currently limited to overcoming symptoms, and is often associated with severe adverse effects from the drugs used (27, 28) . In previous years, the efficacy of Chinese herbal medicine in the treatment of IBD has been extensively characterized (6) (7) (8) (9) (10) . The present study demonstrated the therapeutic effects of modified Pulsatilla decoction in treating oxazolone-induced colitis, which was demonstrated by improvements in symptomatic parameters, including body weight loss and severity of diarrhea, and histological damage of the colon. In addition, no differences between the therapeutic effects of SASP and modified Pulsatilla decoction were observed in treating oxazolone-induced colitis. Therefore, these findings indicated the efficiency of modified Pulsatilla decoction in treating experimental IBD. An imbalance in T helper (Th)1/Th2 cytokines is key in triggering the intestinal mucosa immune response, and UC is characterized by a Th2 immune response in which IL-13 and IL-5 have been identified as important cytokines (29) (30) (31) (32) . The Th2 cytokines, IL-13 and IL-5, are secreted at high levels by colonic lamina propria cells in patients with UC, which cause epithelial cell cytotoxicity (31, 32) . In UC, IL-13 may impair epithelial barrier function by affecting epithelial apoptosis, tight junctions and restitution velocity (32) . Consistent with previous studies, the present study found that increased expression levels of IL-5 and IL-13 were observed in the colon tissues of the oxazolone-induced colitis mice. Following the administration of modified Pulsatilla decoction into the oxazolone-induced colitis mice, the elevated expression levels of colonic IL-5 and IL-13 were significantly attenuated, which suggested the anti-inflammatory effects of modified Pulsatilla decoction in treating IBD.
Intestinal inflammation is associated with defective intestinal epithelial tight junction barriers, which is an important pathogenic factor contributing to the development of IBD (33) (34) (35) . The stable complex formed by occludin, ZO-1 and claudin-2 is critical for tight junction assembly, and the delocalization of occludin and ZO-1 from the tight junctions is associated with intestinal barrier dysfunction and increased permeability (33) (34) (35) . Claudin-2 is a pore-forming protein, which enhances tight junction permeability for cations and provides the molecular basis for leak flux diarrhea in IBD (36, 37) . Thus, upon stimulation by inflammatory cytokines, the structure of tight junctions are disrupted, which is demonstrated by decreased expression levels or internalization of occludin and ZO-1, and increased expression of the pore-forming, claudin-2. In the present study, the results showed that the tight junction proteins, occludin, ZO-1 and claudin-2, were significantly altered in the colon epithelial cells from the oxazolone-induced colitis mice, however, modified Pulsatilla decoction or SASP efficaciously prevented tight junction disruption.
The nuclear transcription factor, NF-κB, is monitors the development and progression of IBD by regulating Figure 4 . Modified Pulsatilla decoction treatment inhibits the activation of the nuclear factor-κB signaling pathway. The expression of IκBα in the colon tissues of oxazolone-induced colitis mice treated with or without modified Pulsatilla decoction were detected using western blot analysis. Data are expressed as the mean ± standard deviation. ** P<0.01 vs. the control group. IκBa, nuclear factor-κBα; PBS, phosphate-buffered saline; SASP, sulfasalazine; Con, control. the expression of a wide range of pro-inflammatory cytokines (38, 39) . In patients with IBD, increased NF-κB activation has been detected in the intestinal lamina propria (38, 39) . It also has been shown that the increase of intestinal tight junction permeability is NF-κB-dependent (40, 41) . In the present study, it was found that the NF-κB pathway was activated in the colon tissues from the oxazolone-induced colitis mice, and this activation was significantly counteracted by modified Pulsatilla decoction, indicating the possibility of this TCM formulation to downregulate the intestinal response to chronic inflammatory stimuli.
In conclusion, the present study determined the therapeutic efficiency of Pulsatilla decoction in oxazolone-induced colitis and examined the underlying mechanisms. In addition, no adverse effects were observed following treatment with modified Pulsatilla decoction. Although it is widely agreed the use of herbal medicines is safe for the treatment of various diseases in China, the long-term safety of modified Pulsatilla decoction requires further investigation.
